Previous work with yeast has indicated that chitin is the specific component of the septum between mother and daughter cell. Experiments with synchronized cells show that chitin synthesis is initiated at a precise time in the cell cycle. Newly discovered features of the chitin synthetase system suggest how this specificity in location and timing can be achieved. Recent work from this (1) and other (2, 3) laboratories has shown that chitin is concentrated as a disk-like plug at the bud scar of the yeast cell wall, i.e., at the site where a daughter cell has detached. The chitin disk is sandwiched between lavers of glucan (1), a major component of the cell wall. Thus, chitin may be considered as the specific component of the septum between mother and daughter cells. Experiments with synchronized cells, to be described below, have shown that chitin formation takes place during a limited portion of the cell cycle. Thus, formation of the chitin septum is initiated at a restricted location and at a specific time. A particulate system for chitin synthesis has been described (4). In the present paper, we report new properties of this system that suggest the manner in which the initiation of chitin synthesis may be regulated. (6) and S. cerevisiae in either YEPD medium (1% yeast extract, 2% peptone, and 2% glucose) or a minimal medium (2% glucose and 0.7% Bacto Yeast Nitrogen Base).
Recent work from this (1) and other (2, 3) laboratories has shown that chitin is concentrated as a disk-like plug at the bud scar of the yeast cell wall, i.e., at the site where a daughter cell has detached. The chitin disk is sandwiched between lavers of glucan (1), a major component of the cell wall. Thus, chitin may be considered as the specific component of the septum between mother and daughter cells. Experiments with synchronized cells, to be described below, have shown that chitin formation takes place during a limited portion of the cell cycle. Thus, formation of the chitin septum is initiated at a restricted location and at a specific time. A particulate system for chitin synthesis has been described (4) . In the present paper, we report new properties of this system that suggest the manner in which the initiation of chitin synthesis may be regulated.
MATERIALS AND METHODS
For the materials and methods not outlined below, see refs. 1, 4, and 5. [1-1H]D-glucose was purchased from New England Nuclear Corp. and had a specific activity of 3.46 Ci/mmol.
Yeast growth
The yeast strains used were Saccharomyces carlsbergensis 74 (National Collection of Yeast Cultures, England) and Saccharomyces cerevisiae S288C, a haploid strain of the a mating type. S. carlsbergensis was grown in Wickerham's medium (6) and S. cerevisiae in either YEPD medium (1% yeast extract, 2% peptone, and 2% glucose) or a minimal medium (2% glucose and 0.7% Bacto Yeast Nitrogen Base).
Preparation of "crude enzyme" and "zymogen"
Chitin synthetase, prepared as described (4), will be designated as "crude enzyme." Unless the enzyme was stored, the washed pellet (see ref 4) was resuspended in 50 mM imidazole -HCO (pH 6.5)-2 mM MgSO4, to the original volume of the washed spheroplasts without addition of glycerol.
In order to prepare "zymogen" (inactive chitin synthetase free from activating factor), the procedure was modified as follows. Immediately after lysis of the spheroplasts, 15-ml batches of the lysate were submitted to sonic oscillation, with the microtip of a Branson Sonifier Model S75, for three 10-sec periods at setting 1 and two 5-sec periods at setting 2, while cooled in ice. Centrifugation of the lysate, washing, and resuspension of the pellet were done as in the preparation of crude enzyme.
Preparation of activating factor (AF) AF was obtained from early stationary phase cells of S. cerevisKae S288C after growth in minimal medium. These growth conditions ensure maximal yield of AF (see Table 4 ). A 4-ml portion of crude enzyme was submitted to two 5-sec periods of sonic oscillation at setting 1 of the Branson Sonifier and centrifuged for 10 min at 20,000 X g. The supernatant fluid, including a layer of loose particles, was removed and incubated for 20 min at 37°C. This incubation increases the yield of AF, for unknown reasons. The suspension was then centrifuged for 30 min at 100,000 X g. The clear supernatant was removed and frozen overnight. After the supernate was thawed, an abundant precipitate of denatured protein was removed by centrifugation. The AF was precipitated from the supernatant fluid by addition of solid ammonium sulfate to 75% saturation. The pellet was redissolved in 50 mM imidazole -HCl (pH 6.5)-1 mM EDTA, in a total volume one-third that of the original, and dialyzed against the same buffer for 3 hr. The yield in the ammonium sulfate step was 70% and the specific activity of the product ranged from 15 further and treatments were the same as for the regular chitin synthetase assay (4) .
AF was determined from the amount of zymogen it converted into active enzyme. The incubation mixture for the activation step contained 20,l of zymogen suspension, 50 mM imidazole HCl (pH 6.5), 2 mM MgSO4, and AF, in a total volume of 42 ul. After incubation for 30 min at 300C, the reaction was stopped by addition of an excess of inhibitor, in 3,Ml, to the tubes cooled in ice. After 2 Ml of 0.8 M N-acetylglucosamine was added, the chitin synthetase assay was initiated with 5,ul of 10 mM UDP-N-['Hjacetylglucosamine (2 X 105 cpm/,umol) and continued as described (4). 1 unit of AF is defined as the amount that causes the formation of 1 unit of chitin synthetase activity in 30 min.
For the determination of inhibitor, various amounts were added to the incubation mixture of the AF assay, in the presence of a fixed quantity of AF. The amount of inhibitor was calculated from the decrease in active chitin synthetase generated, (see Fig. 3B ). 1 unit of inhibitor is defined as the amount that will neutralize 1 unit of AF. RESULTS
Chitin synthesis in synchronized cells
When synchronized cells of S. carlsbergensis were grown in a. medium containing [3H glucose, label was incorporated into chitin in a stepwise fashion, as shown in Fig. 1 , in contrast with the exponential rise of total cell radioactivity. Chitin. synthesis begins shortly after budding and ceases before cell division is completed.
Effect of sonic oscillation and trypsin on chitin synthetase
In our previous work, most chitin synthetase preparations were obtained from S. carlsbergensis 74 (4). Recently, particulate enzyme was prepared from logarithmic phase S. cerevisiae S288C. These preparations usually showed much lower activity and a diminished sensitivity to the heat-stable protein inhibitor (5), as can be seen in Table 1 , line 1. Nevertheless, treatment of the particles with trypsin caused a dramatic increase in activity as compared to a 2-fold activation of the enzyme from S. carlsbergensis. Treatment of the particles by very mild sonic oscillation, followed by centrifugation and washing, further depressed the activity and eliminated completely the effect of the inhibitor, whereas theactivity measured after trypsin treatment was almost un-- changed* (see Table 1 ). It can also be seen that preparations from S. carlsbergensis behaved similarly to those from S. cerevisiae after sonic treatment.
The results of this experiment indicated that chitin synthetase can be obtained in an essentially inactive or "zymogen" form, which can be activated about 15-fold by trypsin. The loss of inhibition after sonic treatment, with preservation of the trypsin effect, suggested that the untreated particles might contain an activating factor (AF) for the synthetase, and that the inhibitor might interfere with this factor rather than with chitin synthetase itself.
Preparation and properties of AF
The existence of AF was confirmed by incubation of sonically treated particles with the corresponding 100,000 X g supernatant fluid. A sharp increase in the activity of chitin synthetase was thereby observed (not shown). As described in "Methods", after sonic treatment AF can be recovered from the 100,000 X g supernate by precipitation with ammonium sulfate and dialysis. As shown in Fig. 2A , incubation of zymogen-containing particles with purified AF led to a time-dependent increase in activity. The maximal value obtained was usually about 75% of that reached after trypsin treatment. Omission of AF, with or without the addition of inhibitor, resulted in some loss of the basal activity. Boiled AF was ineffective. No special requirements were found for AF activity. Completely similar results are obtained with zymogen from either S. cerevisiae S288C or S. carlsbergensis 74.
Interaction between AF and inhibitor
The hypothesis that the heat-stable protein inhibitor (5) interacts with AF, rather than with chitin synthetase, was confirmed in several ways. In the experiment of Fig. 2A , addition of inhibitor was effective in stopping the activation process at different times. Furthermore, Table 2 shows that addition of inhibitor together with AF prevented the action of AF (compare lines 1 and 3), whereas the inhibitor was without effect after activation had already occurred (compare lines 2 and 4). Moreover, the inhibitor had no effect on particulate chitin synthetase that had been incubated with AF and reisolated after centrifugation and washing (see Table 3 ). This experiment also shows that AF does not cause the formation of a soluble activator for chitin synthetase.
Rather, it induces a change in the insoluble enzyme. When increasing amounts of AF were added in the presence of a constant amount of inhibitor, activation was not detected until a threshold value was exceeded, whereafter the activity of the enzyme increased with the same slope as in the absence of inhibitor (Fig. 3A) . Conversely, when increasing amounts of inhibitor were added in the presence of a suboptimal amount of AF, the activity decreased linearly (Fig.  3B ). These two results indicate that AF and inhibitor bind very tightly to each other. Both curves in Fig. 3 may be used to titrate AF against inhibitor, and a similar value of equivalence is reached in either case.
Inhibitor prepared from either S. carlsbergensis 74 or S. ceretisiae S288C neutralized AF from either source.
Intracellular distribution of inhibitor and AF
Determination of inhibitor in boiled fractions from spheroplast lysates showed that 80% was in the 20,000 X g supernatant fluid. As mentioned above, the sonic extract from the pellet contained an excess of AF over inhibitor. The presence of AF in the lysate supernatant fluid could not be detected because of the very high inhibitor concentration.
Effect of growth conditions on AF
The total amount of chitin synthetase, as measured after trypsin treatment, is remarkably constant regardless of the growth medium or the growth phase (Table 4) . On the other hand, the amount of AF varies widely: it is much higher after growth in minimal than in rich medium, and it increases in The activation and assay steps were performed as explained under Methods for the determination of AF. Where added, the amounts of AF and purified inhibitor, both from S. cerevisiae S288C, were 14 and 0.34 Ag of protein, respectively. min at 30'C. 1 ml of 50 mM imidazole*HCl (pH 6.5)-2 mM Mg-S04 was added and the particles were sedimented at 20,000 X g, for 10 min, washed with 1 ml of the same buffer, and resuspended in buffer. Aliquots of this suspension were used for; the determination of chitin synthetase. A control was processed as above, but with the omission of AF.Purified inhibitor from S. carlsbergensis 74 (68 ng) was added to the chitin synthetase assay where indicated.
the stationary phase as compared to the logarithmic phase of growth.
DISCUSSION Most of the chitin synthetase present in our preparations can be obtained in an inactive state when precautions are taken to separate the AF. We call this inactive enzyme a zymogen because it can be activated by treatment with either trypsin or AF. Whereas the mechanism of trypsin action is presumably proteolytic, that of AF is still unknown, although a specific proteolysis is likely.
Our previous assumption that a heat-stable protein isolated from yeast acted as an inhibitor of chitin synthetase is no longer tenable. As shown above, the protein is devoid of action on previously activated chitin synthetase, while it is very effective in preventing the activation of zymogen. In fact, the kinetic data show a very tight binding between inhibitor and AF, a circumstance that was used to advantage in order to titrate both substances against each other.
From the studies on the intracellular distribution of inhibitor and AF, it would appear that the inhibitor is either soluble in the cytoplasm or stored inside a very easily dis- rupted organelle. On the other hand, AF was found in a particulate fraction; its liberation into solution by a very mild sonic treatment suggests that it is enclosed in vesicles rather than intimately associated with a membrane. By the same token, chitin synthetase appears to be firmly bound to a particulate fraction.
The localization of chitin in the bud scar region of the cell wall, and the finding that its synthesis in vivo is restricted to a limited portion of the cell cycle, show that chitin formation is triggered at a precise time and location. The enzymatic system described in this paper allows for such a regulation. The following working hypothesis is proposed for the mechanism of its action in vivo (Fig. 4) . Since chitin synthetase is found almost completely in the zymogen state, and its total content does not vary during growth in different media, we suggest that the inactive system is uniformly distributed in a structural component of the cell, presumably the cytoplasmic membrane (Fig. 4A) . After bud formation, AFcarrying vesicles would fuse with the plasma membrane at the site of septum formation and a transformation of zymogen into active enzyme would ensue, followed by chitin synthesis (Fig. 4B and C) . The localization of AF inside an organelle is thus of fundamental importance in order to permit its delivery at a specific site. The presence of numerous small vesicles at the bud site has been reported by different authors (9, 10) . It is possible that some of these vesicles are the AF carriers. The accumulation of AF observed in the stationary phase after growth either in YEPD or minimal medium could be attributed to a lack of its consumption caused by the arrest in growth.
The function of the inhibitor in this complex process remains unclear. Its apparent presence in the cytoplasmic fraction suggests that it could serve as a safety mechanism, to trap any AF that might be released in the lumen of the cell (Fig. 4C) , thereby preventing activation of chitin synthetase at any other than the prescribed site.
The proposed mechanism of septum initiation suggests a detailed explanation at the molecular level of a morphological change. It provides a model for numerous events in cell growth and differentiation and it invites experimentation to test its accuracy and generality.
